We present new observations of the galaxy cluster 3C 129 obtained with the Sardinia Radio Telescope in the frequency range 6000−7200 MHz, with the aim to image the large-angular-scale emission at high-frequency of the radio sources located in this cluster of galaxies. The data were acquired using the recently-commissioned ROACH2-based backend to produce full-Stokes image cubes of an area of 1 o ×1 o centered on the radio source 3C 129. We modeled and deconvolved the telescope beam pattern from the data. We also measured the instrumental polarization beam patterns to correct the polarization images for off-axis instrumental polarization. Total intensity images at an angular resolution of 2.9 ′ were obtained for the tailed radio galaxy 3C 129 and for 13 more sources in the field, including 3C 129.1 at the galaxy cluster center. These data were used, in combination with literature data at lower frequencies, to derive the variation of the synchrotron spectrum of 3C 129 along the tail of the radio source. If the magnetic field is at the equipartition value, we showed that the lifetimes of radiating electrons result in a radiative age for 3C 129 of t syn ≃ 267 ± 26 Myrs. Assuming a linear projected length of 488 kpc for the tail, we deduced that 3C 129 is moving supersonically with a Mach number of M = v gal /c s = 1.47. Linearly polarized emission was clearly detected for both 3C 129 and 3C 129.1. The linear polarization measured for 3C 129 reaches levels as high as 70% in the faintest region of the source where the magnetic field is aligned with the direction of the tail.
GHz) receiver (Gregorian focus; Orfei et al. 2010 ), a singlefeed C-band (5.7-7.7 GHz) receiver (BWG focus), and a coaxial dual-feed L/P-band (0.305-0.41/1.3-1.8 GHz) receiver (primary focus; Valente et al. 2010) . The technical commissioning phase was followed by the Astronomical Validation activity aimed at validating the telescope for standard observing modes and at transforming the SRT from a technological project into a real general-purpose astronomical observatory. The Astronomical Validation results are presented by Prandoni et al. (in preparation) .
The suite of backends currently available on site includes the recently-commissioned ROACH2 FPGA boardbased 1 backend SARDARA (SArdinia Roach2-based Digital Architecture for Radio Astronomy; Melis et al., in preparation) .
In this work, we exploited for the first time the capabilities of the SARDARA backend in spectral-polarimetric mode to perform total intensity and polarization observations in C-band. For this purpose, we observed the galaxy cluster 3C 129 field. 3C 129 is a luminous X-ray galaxy cluster at redshift of z = 0.0208 (Spinrad 1975) , located close to the Galactic plane. We selected this field because of the homonymous radio galaxy 3C 129, whose spectral and polarization properties have been very well studied in the literature. Indeed, these observations serve as an important term of reference to assess the reliability of the calibration of the new spectral-polarimetric data acquired with the SRT. Moreover, they provide new information on the highfrequency large angular scale emission of the radio sources located in this cluster of galaxies.
Like many other radio sources hosted in galaxy clusters, 3C 129 has a distorted head-tail morphology where the jets are bent into a tail due to the ram-pressure caused by the motion of the parent galaxy in the intracluster medium. The radio galaxy 3C 129 was among the first radio galaxies discovered to have a head-tail structure. It is located at the cluster periphery and was identified with an E-galaxy by Hill & Longair (1971) . Since then, it has been studied extensively in radio by several authors (e.g. Miley 1973 , Perley & Erickson 1979 , Owen et al. 1979 , van Breugel 1982 , Downes 1984 , Jägers 1987 , Feretti et al. 1998 , Taylor et al 2001 . The source stretches over ∼20 ′ in length, and the spectacular structure of its narrow-angle tail has been shown at low frequencies with Very Large Array (VLA) and Giant Metrewave Radio Telescope (GMRT) observations (e.g. Kassim et al. 1993 , Lane et al. 2002 , Lal & Rao 2004 . The importance of mapping the radio galaxy 3C 129 with a single dish is that interferometers go into the technical problem of the missing zero spacing. Indeed, they filter out structures larger than the angular size corresponding to their shortest spacing, limiting the synthesis imaging of extended structures. Single dish telescopes are optimal for recovering all of the emission on large angular scales, especially at high frequencies. Although single dishes typically have a low resolution, 1 The Reconfigurable Open Architecture Computing Hardware (ROACH) processing board is developed by the Center for Astronomy Signal Processing and Engineering Research, see http://casper.berkeley.edu.The ROACH2 is a stand-alone FPGAbased board that represents the successor to the original ROACH board.
the 3C 129 tail stretches enough to be well resolved at the resolution of about 2.9 ′ of the SRT in C-band.
In addition to the head-tail 3C 129, we mapped other radio sources in the field, including the radio source 3C 129.1 near the projected center of the X-ray galaxy cluster. This radio source also has dual radio jets but it is weaker and smaller than 3C 129, and the radio jets extend over about 2 ′ (e.g. Downes 1984 , Jägers 1987 , Kassim et al. 1993 .
The paper is organized as follows, in Sect. 2, we illustrate the SRT observations. In Sect. 3, we present the data reduction. In Sect. 4, we show the total intensity and polarization imaging. In Sect. 5, we present the spectral analysis. In Sect. 6, we present the polarization analysis. Finally, in Sect. 7 we draw our summary. In Appendix, we provide details about the data reduction.
Throughout this paper, we assume a ΛCDM cosmology with H 0 = 71 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7. At the distance of 3C 129, 1 ′′ corresponds to 0.415 kpc.
OBSERVATIONS
We observed a 1 • × 1 • area centered at the radio source 3C 129 (J2000 coordinates: RA 04 h 49 m 03 s and DEC +45 o 01 ′ 43 ′′ ), using the C-band receiver of the SRT. The receiver is a circular polarization system, installed at the BWG focus of the telescope, covering the band 5700-7700 MHz, with system temperature T sys ≃ 30 K. The SRT active surface was used to correct the primary mirror shape and keep the gain curve nearly flat at all elevations. The data were acquired with the digital correlator SARDARA. The autocorrelations of the two polarizations (RR * and LL * ) and their complex cross-product (RL * ) were recorded for full Stokes information. We used the correlator configuration with 1500 MHz bandwidth and 1024 frequency channels. Each channel was of 1.46 MHz in width. We observed a bandwidth of 1250 MHz at a central frequency of 6600 MHz. The angular resolution is 2.9 ′ .
The area was mapped with two sets of orthogonal scans along RA and DEC, with scan speed of 6 • /min and 0.7 ′ scan spacing to ensure Nyquist sampling of the beam. The data sampling rate was 10 ms for an angular sampling rate along the scan direction of 3.6 ′′ . Band-Pass, flux density, and polarization angle calibration were performed with the source 3C 286. We used 3C 84 for instrumental polarization leakage calibration. Mapping in AZ-EL (instrument) reference frame of the sources 3C 273, 3C 345, 3C 454.3, and 3C 84 was done to measure the beam pattern for all Stokes parameters to correct both the beam shape in Stokes I and clean the off-axis instrumental polarization in Stokes Q and U. The sources 3C 138 and NGC 7027 were observed as secondary calibrators to cross-check the accuracy of the polarization position angle calibration and the correction of the instrumental polarization, respectively.
A summary of the observations is listed in Tab. 1.
DATA REDUCTION
Data reduction was performed with the proprietary Singledish Spectral-polarimetry Software (SCUBE; Murgia & Govoni). In the following, we present the steps of the calibration procedure.
Flux density calibration and RFI flagging
Band-Pass and flux density calibration were obtained using 3C 286 observations assuming the flux density scale of Perley & Butler (2013) . RFI flagging was performed iteratively to minimize the impact of RFI on flux density calibration. After a first band-pass and flux density calibration cycle, RFI were flagged using observations of a cold part of the sky without obvious sources. The flagged data were then used to repeat the band-pass and the flux density calibration for a finer RFI flagging. The procedure was iterated a few times, eliminating all of the most obvious RFI. The normalized band-pass for the left and right circular polarizations is shown in Fig. 1 . The solution obtained from all of the calibration scans on 3C 286 were averaged and then interpolated on RFI flagged frequency channels and their rms dispersion (i.e. the scatter of the solutions from all calibration scans) is below 1%.
We applied the gain-elevation curve correction to account for the gain variation with elevation due to the telescope structure gravitational stress change. We assumed the values measured during the Astronomical Validation (Prandoni et al. 2016, in prep.) , top panel, shows the typical RFI scenario of our observations. We selected about 10,000 spectra taken over 2 hour observations on 2 August 2015 in a region of the 3C 129 field with no strong sources. Spectra were corrected for the band-pass and a linear baseline was subtracted from each scan for each frequency channel.
The rms noise measured for each channel is plotted in Fig. 2 , bottom panel. Where free from RFI, the noise is in good agreement with the theoretical value of 0.29 Jy expected for an integration time of 10 ms, a bandwidth of 1.46 MHz per channel, a T sys =30 K, and a gain of Γ=0.6 Jy/K.
Polarization calibration
The polarization calibration was applied in three stages: correction for the phase difference between R and L; correction for the leakage of Stokes I into Q and U; calibration of the absolute position of the polarization angle.
Phase difference between R and L can be added at any stage of the system (e.g. any device in the signal path, or any difference of the cable length of the two polarization paths) that results in a rotation of the measured polarization angle for a system using circular polarizations. In addition, we found that the time calibration of the two samplers of the backend (one each polarization) could be affected by an offset of an integer multiple of the sampling time. This results in a time delay of the two polarizations, and, in turn, a phase difference changing with a linear behavior through the frequency band. To account for that, observations of polarized calibration sources were used and the phase corrected to match that of the source. Typically we measure phase difference variations of about 0.1 deg/MHz (see Fig. 3 ). The phase difference can change any time the correlator is configured, but we checked it is stable in-between reconfigurations. We thus observed a polarization calibrator at the beginning of each observing session or any time a reconfiguration of the backend was required. The on-axis instrumental polarization was measured with observations of the unpolarized source 3C 84 (flux density S 6600 MHz ≃ 27 Jy at the time of our observations), and is reported in Fig. 4 where the fractional instrumental polarization of the source is shown. The leakage is in general better than 2% across the band, with a rms scatter of 0.7 -0.8 % with variations on scales of some 100 MHz. Because of the slow variation with frequency we smoothed on a scale of 4 channels (∆ν ≃ 6 MHz) to reduce their error.
We also corrected for the off-axis instrumental polarization. Fig. 5 shows the instrumental polarization beam for Stokes Q and U we have measured with observations of 3C 84, after correction for the on-axis instrumental polarization. The plots show the typical butterfly pattern (e.g. see Gregorini et al. 1992 , Carretti et al. 2004 , O'Dea et al. 2007 ). The off-axis instrumental polarization level compared to the Stokes I peak is 0.3%. This contribution can strongly affect the quality of polarization data if bright sources are present in the image. We corrected for them by deconvolving these instrumental beam patterns in the instrument reference altazimuth frame (see Sect. 4.2).
As a final step, we calibrated the absolute position of the polarization angle for each frequency channel using the primary polarization calibrator 3C 286, assuming a polarization angle of 33 o (Perley & Butler 2013) through the entire frequency band. The calibrated 3C 286 fractional polarization and position angle, corrected for the leakage and the parallactic position angle, are shown in Fig. 6 . The fractional polarization of 3C 286 is in excellent agreement with the value of 11.6% reported in Perley & Butler (2013) , and the scatter of the position angle solution is about 1 o .
We checked the accuracy of the polarization angle calibration by applying the entire procedure to 3C 138, which we observed as an independent secondary polarization calibrator during each session. We found that the calibrated polarization angle for 3C 138 is consistent within the errors with the expected value of -12 o reported by Perley & Butler (2013) , as shown in the bottom panel of Fig. 6 .
The accuracy of our determinations of the fractional polarization was checked by applying the calibration procedure to the radio source NGC 7027, which we assumed to be unpolarized. Before the correction for the leakage terms, we found that the on-axis fractional polarization was of 2 ± 0.1%. After correcting for the on-axis leakage terms calibrated with 3C 84, the residual instrumental polarization observed for NGC 7027 was found to be < 0.1% (3σ upper limit).
RESULTS

Total intensity imaging
The imaging was performed in SCUBE by subtracting the baseline from the calibrated telescope scans and by projecting the data into a regular 3-dimensional grid with a spatial resolution of 42 ′′ /pixel, which is enough in our case to sample the beam FWHM with four pixels.
We were primarily interested in imaging the discrete radio sources in the 3C129 field, and the mapped area was designed to have the target sources at the center. Thus, the baseline was subtracted starting from scratch by a linear fit involving only the 10% of data at the beginning and the end of each scan. By doing this, we filtered out real sky signals (like e.g. the atmospheric emission, the Cosmic Microwave Background radiation, or the Galactic foreground), those fluctuations whose surface brightness gradient is uniform on angular scales smaller than about 1 o . The baseline removal was performed channel-by-channel for each scan. All frequency cubes obtained by gridding the scans along the two orthogonal axes (RA and DEC) were then stacked together to produce full-Stokes I, Q, U images of an area of 1 square degree centered on the radio source 3C 129. In the combination, the individual image cubes were averaged and de-stripped by mixing their Stationary Wavelet Transform (SWT) coefficients (hereafter SWT stacking) as described in the Appendix. We then used the higher Signal-to-Noise (S/N) image cubes obtained from the SWT stacking as a prior model to refine the baseline fit. The baseline subtraction procedure was repeated including all data and not just the 10% from the beginning and the end of each scan. In this way, we were able to improve the baseline subtraction for those scans intercepting a radio source (or a source of RFI) Perley & Butler (2013) . The comparison between data and model statistics is calculated for the inner part of the bandwidth between channels 100 and 900. Bottom: cross-check of the polarization position angle calibration on the secondary calibrator 3C 138 observed in the same session.
located just at the edge of the map. In the refinement stage, the baseline was represented with a 2nd order polynomial whose coefficients were found by minimizing the difference between the model and the data using a least-squares fit (see Fig. A2 ). A new SWT stacking was then performed and the process was iterated a few more times until the convergence was reached. Fig.7 shows the total intensity image obtained averaging all frequency channels from 6000 MHz to to 7200 MHz. We reached a final noise level of 1.5 mJy/beam, 2.9 ′ FWHM beam. In Fig.7 we traced the total intensity contour levels that start from 3σ and increase by a factor of √ 2. The narrow head-tail radio galaxy 3C 129 dominates the central part of the image with a peak brightness of about 1.2 Jy/beam. The source's tail extends towards west for more than 10 ′ before disappearing below the image noise floor. With a peak brightness of 142 mJy/beam, 3C 129.1 is the second brightest radio source in the field. It is located in projection close to the cluster center; it is also a narrow angle head-tail radio galaxy but is only slightly resolved in the SRT image.
By comparing the SRT image with other images at lower frequencies taken from the literature, we confirmed the detection of additional 12 fainter sources in the field, with flux densities ranging from 4.1 to 17.7 mJy at 6600 MHz (see Sect.5).
Beam pattern modeling and de-convolution
The dynamic range, defined as the peak-to-noise ratio, expected for the image shown in Fig.7 is about 800. However, close to the head of 3C 129, the dynamic range is clearly limited by the telescope beam pattern rather than by the image sensitivity. In fact, the first side lobe of the SRT beam, whose nominal level is -20 dB, is obvious around 3C 129 so that the image should be better interpreted as the "dirty map" resulting from the convolution of the telescope beam pattern with the true sky brightness distribution.
Modeling and de-convolution of the telescope beam pattern are therefore necessary for recovering the expected dynamic range.
We derived a model of the SRT beam pattern by performing a set of OTF scans of the bright quasars 3C 454.3, 3C 345, and 3C 273 (see Tab. 1). We used the same frontend and backend setups as for the 3C 129 field, except that maps were performed in the horizontal frame, rather than in the equatorial frame, by alternating scans along the direction of azimuth and elevation. A total of 48 frequency cubes were combined to produce an average beam model. However, we also grouped the scans into three distinct coarse elevation bins having an equal width of 20 o , centered at EL =30 o , 50 o , and 70 o , to construct an elevation-dependent beam model.
In the left panel of Fig. 8 , we show the image of the SRT beam pattern after the SWT stacking of all scans, from all elevation bins, and the averaging of all spectral channels. The main lobe can be considered to be circularly symmetric Gaussian with FWHM=2.9 ′ . We have enough S/N to detect both the first and the second beam side lobes, respectively at -20 and -30 dB. The first side lobe is clearly asymmetric, since it is much brighter below the main lobe. The asymmetry decreases as elevation increases, and the beam is nearly symmetric around EL ≃ 60 o . The most striking features associated with the second side lobe are the four spikes seen at the tips of a cross tilted by 45 o . These originate from the blockage caused by the quadripode holding sustaining the secondary mirror in the path of light between the source and the primary mirror.
The intensity, as measured in the OTF scans, is the convolution of the beam pattern with the true sky brightness distribution. An important point to stress is that the beam pattern of an alt-azimuth mount telescope rotates in the equatorial frame by the parallactic angle. Thus, when we combine scans taken at different times, the orientation of the beam pattern will also be different, in general. This is illustrated in the right panel of . SRT total intensity "dirty map" of the galaxy cluster 3C 129 resulting from the spectral average of the bandwidth between 6000 and 7200 MHz. The noise level is 1.5 mJy/beam. The FWHM beam is 2.9 ′ , as indicated in the bottom-right corner. Contour levels start at 3σ and increase by a factor of √ 2.
RA-DEC frame and over imposed to the contour map of the 3C 129 "dirty map". Note that the brightest part of the asymmetric first side-lobe of the beam is oriented by chance towards the tail of the radio galaxy.
SCUBE uses an elevation-dependent beam model for a proper deconvolution of the sky image from the antenna pattern. The deconvolution algorithm is based on a variant of the CLEAN procedure (Högbom 1974) where the true sky brightness is represented by a collection of δ -functions (also known as the CLEAN components). It iteratively finds the peak in the image obtained from the SWT stacking of all images, and subtracts a fixed gain fraction of this point source flux (typically 0.1) convolved with the re-projected telescope "dirty beam model" from the individual images. In the re-projection, the exact elevation and parallactic angle for each pixel in the unstacked images are used. The residual images are stacked again and the CLEAN continues until a threshold condition is reached. Given the low level of the beam side lobes compared to interferometric images, a shallow deconvolution is sufficient in our case, and we decided to stop the CLEAN at the first negative component encountered. As a final step, CLEAN components at the same position are merged, convolved with a circular Gaussian beam with FWHM 2.9 ′ , and then restored back in the residuals to obtain a CLEANed image. We tried to CLEAN by using both the elevation-averaged beam model and the three elevation bins model. We found no significant differences in the CLEANed images. This is likely due to the fact that the 3C 129 observations span a large range of elevations. Therefore, in this work we decided to use the elevation-average beam model because of its higher signal-to-noise ratio.
The CLEANed image of the 3C 129 field is shown in Fig. 9 . Thanks to the deconvolution of the beam pattern, we reached a dynamic range of about 800, and thus we can now observe the actual brightness and size of the tail of 3C 129.
Polarization imaging
The polarization imaging of Stokes parameters Q and U was performed following the same procedures described for the total intensity imaging: baseline subtraction, gridding, and SWT stacking. There are no critical dynamic range issues with the polarization image, and thus no deconvolution was required. However, we corrected for the off-axis instrumental polarization by deconvolving the Stokes Q and U beam patterns shown in Fig. 5 . In particular, SCUBE uses the CLEAN components derived from the deconvolution of the beam pattern from the total intensity image to subtract the spurious off-axis polarization from each individual Q and U scans before their stacking. The subtraction is performed by rotating the Q and U beam patterns by the appropriate parallactic angle for each pixel.
The resulting image of the linear polarization intensity from the radio sources in the field of the galaxy cluster 3C 129 is presented in Fig. 10 . We show in colors the polarized intensity (P = Q 2 +U 2 ) corrected for the bias introduced when combining the Stokes Q and U images, which we assumed to have equal noise Gaussian statistics with a measured standard deviation σ Q, U = 0.6 mJy/beam (see Appendix B in Killeen et al. 1986 ). The peak polarized intensity is 70 mJy/beam.
In Fig. 10 , we overlaid the total intensity contour levels and the polarization vectors to the image of the polarized intensity. The length of the vectors is proportional to the fractional polarization, while their orientation gives the polarization angle. They have been plotted only in those regions where the error in the polarization angle is less than 20 o and the total intensity is above 5 σ I .
Polarization is detected for both 3C 129 and 3C 129.1 with a global fractional polarization of 0.26 and 0.07, respectively. In 3C 129, the polarization angle of the radiation electric field (not corrected for the Faraday rotation effect) is perpendicular to the tail along its entire length. The fractional polarization increases from 0.05 in the head of the radio source up to 0.67 at the end of the tail. A detailed analysis of the polarization properties is presented in Sect. 6.
SPECTRAL ANALYSIS
We analyzed the spectral properties of the radio sources in the 3C 129 field by complementing and comparing the SRT image with other images available in the literature at lower frequencies. In particular, we compared the SRT image at 6600 MHz with the VLA Low-Frequency Sky Survey redux (VLSSr; Lane et al. 2014) , the Westerbork Northern Sky Survey (WENSS; Rengelink et al. 1997) , and with the NRAO VLA Sky Survey (NVSS; Condon et al. 1998) .
In the left panel of Fig. 11 , we show the SRT contour levels overlaying the WENSS image at 325 MHz, which has a noise level of 5 mJy/beam and a resolution of 76 ′′ × 54 ′′ FWHM beam. In addition to 3C 129 and 3C 129.1, some fainter sources were detected by the SRT. In order to distinguish genuine detections from spurious noise spikes, we searched for a counterpart in the WENSS and in the NVSS images at the positions of these putative sources. We found that most of these sources, labeled with letters A-N in Figure 9 . SRT total intensity CLEANed image of the galaxy cluster 3C 129 resulting from the spectral average of the bandwidth between 6000 and 7200 MHz. The SRT beam pattern was deconvolved from each individual map and the clean components were restored into the residual image with a circular Gaussian with FWHM of 2.9
′ . The noise level is 1.5 mJy/beam. The FWHM beam is indicated in the bottom-right corner. Contour levels start at 3σ and increase by a factor of √ 2. Fig. 11 , have a counterpart in the WENSS and NVSS images except for source C. Furthermore, there are two sources, labeled J and K, which are visible in the WENSS and the NVSS at a level > 10σ but were not detected at the sensitivity level of the SRT image.
From the NRAO archive, we recovered the L-band programs AH746 and AH744. The observations were taken with the VLA in C and D configurations, respectively, using for both a bandwidth of 50 MHz at two IFs of 1385 MHz and 1465 MHz. The data sets were calibrated independently with the Astronomical Image Processing System (AIPS) package following the standard procedures and then combined together with task DBCON to improve uv-coverage and sensitivity. In the right panel of Fig. 11 , we show the SRT contour levels overlaying the VLA C+D image. We average the two IFs, obtaining an image with a frequency of 1424 MHz, a noise level of 0.27 mJy/beam, and a FWHM beam resolution of 19 ′′ ×14 ′′ with PA=−15 o . The comparatively higher resolution of the VLA image with respect to that of the WENSS and the SRT images, makes it possible to appreciate the morphology of 3C 129 in better detail. The twin jets emerging from the AGN hosted in the head of the source are bent back by the ram pressure exerted by the intracluster medium and appear to merge forming the 500 kpc Figure 10 . SRT linearly-polarized intensity image of the galaxy cluster 3C 129 resulting from the spectral average of the bandwidth between 6000 and 7200 MHz. The polarized intensity is corrected for both the on-axis and the off-axis instrumental polarization. The noise level, after the correction for the polarization bias, is 0.6 mJy/beam. The FWHM beam is 2.9 ′ , as indicated in the bottom-right corner. Contours refer to the CLEANed total intensity image. Levels start at 3σ and increase by a factor of 2. The electric field polarization vectors were traced only for those pixels where the total intensity signal is above 5σ and the error on the polarization angle is below 20 o . The length of the vectors is proportional to the polarization percentage (with 100% represented by the bar in the top-left corner), while their orientation represents the polarization angle.
100%
long tail. The SRT contours show an elongation of the head of the source toward the direction of 3C 129.1. If real, this feature appears to be roughly aligned with an extension of the famous "crosspiece" (see e.g. Fig. 2 in Lane et al. 2002) marginally visible in the VLA image, but the association is not obvious given the rather different resolution of the two observations. Apart from 3C 129 and 3C 129.1, several faint mJy level point sources are visible in the VLA image. One of these appears to be a small double source which is possibly associated with the source labeled C, see the inset in the right panel of Fig. 11 . Another faint point source is visible close to the tail, just half-way from the head.
In Tab. 2, we listed the basic properties for the radio sources in the field of the SRT image. We calculated the flux density for 3C 129 and 3C 129.1 by integrating the total intensity down to the 3σ isophote. For all the other sources in the field, which were point-like or only slightly resolved, we calculated the flux density by means of a bi-dimensional Gaussian elliptical model characterized by six free parameters: peak position, peak amplitude, FWHM maj , FWHM min , and position angle. In Tab. 2, we reported the integrated model flux density corresponding to the best fit parameters. We tested the reliability of the fitting procedure by injecting in the SRT image fake sources of progressively lower intensity and we checked the consistency of the input and output flux densities. Sources L, M and N, with peak intensities of respectively 5.6 ± 1.5, 5.3 ± 1.5, and 5.2 ± 1.5 mJy/beam at 6600 MHz, are the faintest sources listed in Tab. 2 and the quoted flux densities should be considered with care. However, by assuming they are point-like sources, the estimated flux densities were consistent within the uncertainties with the peak values measured in the SRT image. Along with the SRT coordinates and flux densities of the sources, we also report their NVSS name, the global spectral indices (S ν ∝ ν −α ) between 325 and 1400 MHz, between 1400 and 6600 MHz, and the spectral curvature (SPC= α 1400 MHz 6600 MHz − α 325 MHz 1400 MHz ; Murgia et al. 2011) . We note that sources J and K have a steep radio spectrum, which may explain why they have not been detected in the SRT image.
Integrated spectra
In order to check the accuracy of the flux scale calibration in our SRT observations, we collected all of the spectral information available in the literature for the radio galaxies 3C 129 and 3C 129.1. We made use of the on-line Astrophysical CATalogs support System (CATS; Verkhodanov et al. 1997 ) and the Nasa Extragalactic Database (NED) to recover data from catalogs at different frequencies. The compilation also includes the GMRT measurements at 240 and 610 MHz by Lal & Hao (2004) .
The integrated spectra of 3C 129 and 3C 129.1 are shown in Fig. 12 . For both spectra, we found that the SRT flux density measurements, indicated by the open dot symbols, are in perfect agreement with the data at close frequencies taken from the literature.
The morphology, the spectral indices, and the spectral curvatures of both 3C 129 and 3C 129.1, indicate that these are currently active sources whose synchrotron emission is dominated by the electron populations with GeV energies injected by the radio jets and accumulated during their entire lives (Murgia et al. 2011) . Therefore, following Murgia et al. (1999) , we fitted the integrated spectra with the continuous injection model (CI; Pacholczyk 1970 ). The CI model is characterized by three free parameters: the injection spectral index (α inj ), the break frequency (ν b ), and the flux normalization. In the context of the CI model, it is assumed that the spectral break is due to the energy losses of the relativistic electrons. For high-energy electrons, the energy losses are primarily due to the synchrotron radiation itself and to the inverse Compton scattering of the Cosmic Microwave Background (CMB) photons. According to the synchrotron theory (e.g. Blumenthal & Gould 1970 , Rybicki & Lightman 1979 , it is possible to relate the break frequency to the time elapsed since the start of the injection:
where B and B IC = 3.25(1 + z) 2 are the source magnetic field and the inverse Compton equivalent magnetic field associated with the CMB, respectively, and an isotropic distribution of the electrons pitch angles was assumed.
Expansion losses may play a role for rapidly expanding plasma on a timescale given by
where R and v exp are the characteristic size and expansion speed, respectively.
While radiative losses affect the shape of the highfrequency spectrum, expansion losses also affect the normalization of the low-frequency spectrum (see Murgia et al. 1999 for a more detailed discussion of the combined effects in the modeling of the integrated spectrum).
During the active phase, the evolution of the integrated spectrum is determined by the shift with time of ν b to lower and lower frequencies. Indeed, the spectral break can be considered to be a clock indicating the time elapsed since the injection of the first electron population. Below and above ν b , the spectral indices are respectively α inj and α inj +0.5.
For 3C 129 the best fit of the CI model to the observed radio spectrum yields a break frequency of ν b = 430 ± 220 MHz with α inj = 0.46 ± 0.06, while for 3C 129.1 the best fit parameters for the CI model are ν b = 1693±721 MHz and α inj = 0.73 ± 0.08. The uncertainty on the break frequency derived from the fit is quite large (≃ 40%) due to the smooth curvature of the CI model. However, a more precise estimate can be obtained from the fit of the local spectra presented in the following sub-section.
Local spectra
The integrated spectra presented in Fig. 12 are characterized by a remarkable frequency coverage, but completely lack in spatial resolution. On the other hand, by combining the SRT image at 6600 MHz with the VLSSr at 74 MHz, the WENSS at 325 MHz, and the VLA C+D image at 1424 MHz, it is possible to analyze the variation of the synchrotron spectrum along the tail of 3C 129, albeit using a limited number of frequencies. We convolved the VLSSr, WENSS, and the VLA C+D array images at the same resolution as that of the SRT image, and we extracted the spectra in eight circular regions along the source, as shown in Fig. 13 . The regions are four pixels in diameter so that the spectra are sampled at effectively independent locations. The last box at the end of the tail is located at about 19.6 ′ from the host galaxy, which corresponds to a physical distance of 488 kpc assuming that the source is on the plane of the sky. We then fitted the observed spectra with the JP model (Jaffe & Perola 1973) , which also has three free parameters α inj , ν b , and normalization like the CI model. The JP model however describes the spectral shape of an isolated electron population injected at a specific instant in time with an initial power law energy spectrum with index p = 2α inj + 1. Radiative losses deplete the high-energy electrons, and the emission spectrum develops an exponential cut-off beyond the break ν b , which progressively shifts to lower frequency with time according to Eq. 1.
To limit the number of free parameters, we fixed α inj = 0.5. This value provides a good fit to the spectrum of the head and is in agreement with the fit of the CI model to the integrated spectrum of 3C 129. The measured break frequency decreases systematically along the tail in agreement with the scenario in which the oldest particles are those at larger distance from the AGN. The minimum break frequency measured at the end of the tail is ν b = 220 ± 42 MHz, in agreement, within the error, with the spectral break measured in the integrated spectrum. In a previous spectral analysis, Feretti et al. (1998) found a break frequency of 1900 MHz at a distance of 14 ′ from the head of 3C 129, which is the maximum distance allowed by the sensitivity of their images. This distance lies in between regions number four and five in our analysis. At these locations, we measured break frequencies of ν b = 2551 ± 209 MHz and ν b = 1928 ± 216 MHz.
The value of the minimum break frequency which we directly measured at the end of the tail is also fully consistent with the value of 240 MHz suggested by Lal & Rao (2004) , based on their considerations on GMRT observations.
3C 129 radiative age and galaxy velocity
We derived the radiative age from Eq. 1 using for the magnetic field strength the minimum energy value. The minimum energy magnetic field was calculated assuming, for the electron energy spectrum, a power law with index p = 2α inj + 1 = 2 and a low energy cut-off at a Lorentz factor γ low = 100. In addition, we assumed that non-radiating relativistic ions have the same energy density as the relativistic electrons and, in the specific case of 3C 129, we considered an ordered magnetic field oriented at 90 o to the line-of-sight (see Sect. 6). With this choice, the minimum energy field is 12% lower than in the case of a totally random field . We used the luminosity at 74 MHz, since radiative losses are less important at low frequencies. It is found that the minimum energy field, at the locations of the same eight regions used to extract the local spectra, varies from 4 µG close to the head, down to 2.8 µG at the end of the tail. The average minimum field strength is B min ≃ 3.4 µG. Our values for the minimum energy field fit in between those calculated by Feretti et al. (1998) and Lal & Rao (2004) .
Assuming for the source's magnetic field B min = 3.4µG and for the break frequency the lowest measured value of ν b = 220 ± 42 MHz, the radiative age of 3C 129 is of the order of t syn ≃ 267±26 Myrs. By assuming a linear projected length of about 488 kpc for the tail, this implies an average advancing velocity for the galaxy of v gal ≃ 1785 ± 175 · sec(i) km/s (where i is the inclination of the tail with respect to the plane of the sky). According to Lane et al. (2002) , if 3C 129 is assumed to be a member of an infalling galaxy cluster, then the infalling velocity of matter onto the 3C 129 cluster is expected to be v inf = 3kT ICM /µ, where µ is the mean molecular mass of the gas. Given the value of kT ICM = 5.5 ± 0.2 keV for the intra-cluster medium temperature (Leahy & Yin 2000) , the infall velocity is expected to be 1630 km/s (Lane et al. 2002) , i.e. comparable within the uncertainty with the advancing speed obtained from the spectral analysis. Given the sound speed of c s = (5/3)kT ICM /µ = 1217 ± 22 km/s reported by Lane et al. (2002) , we deduced that 3C 129 was moving supersonically with a Mach number as high as M = v gal /c s = 1.47, which is very close to the speed invoked by those authors to explain the Mach cone opening angle of ∼ 90 o for the shock-wave front that would be associated with the "crosspiece" (see Fig. 2 in that paper).
In Fig. 14 , we show the break frequency map and the radiative age map of 3C 129 obtained by fitting the JP model pixel-by-pixel.
POLARIZATION ANALYSIS
As outlined in Sect. 4.3, we determined the linear polarization in 3C 129, 3C 129.1 and, tentatively, in the field point sources named D, I, and F. Here we focus on the analysis of the polarization of 3C 129. The degree of fractional polarization in 3C 129 at 6600 MHz increases from values of 5% close to the head up to values as high as 70% far down the tail. The polarization angle of the electric vector is perpendicular to the source's ridge line, indicating that the magnetic field is highly ordered and aligned with the tail (see Fig. 10 ).
In the left panel of Fig. 15 , we show the image of 3C 129 fractional polarization. The synchrotron radiation theory predicts that the intrinsic fractional polarization level increases as the emission spectrum steepens due to radiative losses. In the middle panel of Fig. 15 , we traced the theoretical fractional polarization level expected for α inj = 0.5 as a function of the ratio of the observing frequency to the break frequency for a totally ordered magnetic field oriented at 90 o with respect to the line-of-sight. In the right panel of Fig. 15 , we plotted the observed fractional polarization level measured in five independent circular regions from the head to the end of the tail of the source. The blue line represents the expected level traced by assuming, for the break frequency, the value obtained from the spectral fits of the JP model derived in Sect. 5.
In general, the observed fractional polarization is reduced with respect to the theoretical value by the combination of several effects: i) the magnetic field is intrinsically disordered inside the radio source; ii) the radio source has a complex and unresolved structure on scales smaller than the linear size of the resolution of the observation (which is about 70 kpc in the case of the SRT images); iii) there is a significant Faraday rotation occurring internally to the synchrotron emitting plasma which causes an unrecoverable signal depolarization inside the finite frequency bandwidth of our observing channels; and iv) the polarization angle is modified by an external Faraday screen whose RM autocorrelation length is smaller than the observing beam (see e.g. Burn 1966 , Tribble 1992 , Murgia et al. 2004 , Laing et al. 2008 , Vacca et al. 2012 ).
The first two are essentially geometric effects, while the last two effects are most relevant at low frequencies due to the λ 2 dependence of the Faraday rotation. If we suppose that Faraday rotation effects iii) and iv) are negligible at 6600 MHz, the observed fraction polarization can be related to the theoretical one by the expression 
where B ord and B rnd are the ordered and random field components, respectively (see Feretti et al. 1998 ). Close to the source's head, the observed fractional polarization is much lower than the theoretical one, indicating a prevailing disordered magnetic field. Down the tail, at 10 ′ from the head, the observed fractional polarization approaches the theoretical value, indicating that the ordered magnetic field accounts for 93% of the total field strength.
SUMMARY
We have presented a wide-band spectral-polarimeric study of the galaxy cluster 3C 129 performed with the new SAR-DARA backend installed at the SRT. The results are summarized in the following.
Total intensity images at an angular resolution of about 2.9 ′ were obtained for the tailed radio galaxy 3C 129 and for 13 more sources in the field, including 3C 129.1 at the galaxy center. We modeled the total intensity telescope beam pattern and the off-axis instrumental polarization patterns. We used these models to deconvolve the telescope beam from the total intensity images and to correct the polarized images for the off-axis instrumental polarization.
The SRT data were used, in combination with literature data at lower frequencies, to derive the variation of the synchrotron spectrum of 3C 129 along the tail of the radio source. We computed the global spectra of 3C 129 and 3C 129.1 that we used to compare the SRT total intensity measurements with the literature data at other frequencies. We found that the new SRT data points are in remarkable agreement with both data from the literature at close frequencies and the best model fit to the global synchrotron spectrum. This result confirms the accuracy of the flux density scale calibration at the SRT. In addition, we found that the radio spectrum in 3C 129 progressively steepens with distance from the core, and at each location it is steeper at higher frequencies. The local spectra are well fitted by models involving synchrotron energy losses, assuming a continuous isotropization of the pitch-angle distribution (JP model). The break frequency obtained by spectral fits decreases with increasing distance from the host galaxy. Assuming that the magnetic field is at the equipartition value, we showed that the lifetimes of radiating electrons after synchrotron and Inverse Compton losses result in a radiative age for 3C 129 of the order of t syn ≃ 267 ± 26 Myrs. By assuming a linear projected length of 488 kpc for the tail, this implies a relative average advancing velocity for the galaxy of v gal ≃ 1785 ± 175 · sec(i) km/s (where i is the inclination of the tail with respect to the plane of the sky). Given the sound speed of c s = 1217 ± 22 km/s, we deduced that 3C 129 is moving supersonically with a Mach number as high as M = v gal /c s = 1.47, which is very close to the speed invoked by Lane et al. (2002) to explain the Mach cone opening angle of ∼ 90 o for the shock-wave front that would be associated with the "crosspiece" observed in front of the host galaxy.
Linearly polarized emission is clearly detected for both 3C 129 and 3C 129.1. The linear polarization determined for 3C 129 with the SRT at 6600 MHz reaches levels as high as 70% in the faintest region of the source where the magnetic field is aligned with the direction of the tail. This result can be interpreted as a combination of the spectral steepening due to the radiative losses of the synchrotron electrons, leading to an intrinsically higher fractional polarization, and to the ordering of the magnetic field that increases with the increase of the distance from the head. tract with the National Aeronautics and Space Administration. This research made use also of the CATS Database (Astrophysical CATalogs support System).
APPENDIX A: IMAGE STACKING AND DE-STRIPPING BY MIXING OF WAVELET TRANSFORM COEFFICIENTS
Single-dish images obtained by on-the-fly mapping are generally affected by the presence of stripes oriented along the scanning direction. These artifacts may be due to different causes like RFI or short-time fluctuations in the receiver gain and in the atmosphere that are not completely captured and removed by the baseline subtraction process. A common approach for reducing this scanning noise is to acquire two or more scans along different directions and to combine them efficiently to produce a de-stripped image. The basket-weaving method (see e.g. Winkel et al. 2012) or the weighted Fourier merging (Emerson & Graeve 1988) are popular techniques used to remove the scan-line patterns.
In this paper, we developed a variant of these methods based on the mixing of wavelet coefficients. Wavelets have proven to be extremely useful in the development of multiscale methods in astronomy (see e.g. Starck et al. 2006) . The most widely used wavelet transform algorithm is certainly the decimated wavelet transform (DWT) that has led to successful implementation in image compression. However, results were far from optimal for data analysis applications involving filtering or convolution. More generally, the reconstruction of an image with the DWT causes a large number of artifacts after modification of the wavelet coefficients.
The continuous wavelet transform does not suffer this limitation, but the great amount of redundancy produces many more pixels in the transformed data than in the input image, and a perfect reconstruction is not possible, i.e. an image cannot be reconstructed from its coefficients. For other applications that require reconstruction, an intermediate approach has been proposed, which consists in eliminating the decimation step. This is the SWT which relies on an undecimated decomposition computed using the same filter bank as in the DWT and permits the same three dimensional analysis (horizontal, vertical, and diagonal), but each resolution band has the same size as in the input image.
De-stripping and stacking can be performed simultaneously in the software package SCUBE using the SWT method for fusing together images acquired along orthogonal scanning axes. This is illustrated in Fig. A.1 . We show the case of two scans for 3C 129 one along RA (left column panel, 1st row) and one along DEC (left column panel, 2nd row). The baseline was subtracted channel-by-channel by means of a linear fit to the 10% of data at the beginning and end of each scan. Stripes aligned with the scanning direction are evident. The two images are decomposed with the SWT, and we show the horizontal, vertical and diagonal detail coefficients corresponding to a 2 pixel scale in the columns 2 to 4, respectively. We note that the signal associated with the stripes is mostly retained in the horizontal coefficient for Figure A1 . Top panels: SWT decomposition and merging of two scans of 3C 129, one along RA (1st row) and one along DEC (2nd row). The third row shows the mixing of the SWT horizontal (HH), vertical (HV) and diagonal (HD) level 1 detail coefficients. In the bottom panels, we compare the direct average with the SWT stacking of the RA and DEC images.
the scanning along RA and in the vertical detail coefficients for the scanning along DEC. Indeed, we propose to mix the wavelet coefficients by selecting the horizontal detail coefficients from the DEC and the vertical from the RA, while the diagonal RA and diagonal DEC detail coefficients and the approximation coefficients are simply averaged. The mixing is performed for all scales in the SWT transform. In the third row, we show the mixed detail coefficients with the resulting inverse SWT transform in the left column panel. In the bottom panels of Fig. A.1 , we compare the direct average with the SWT stacking of the RA and DEC images. The efficiency of the SWT de-stripping method is evident. By comparing the surface brightness of radio images obtained with the SWT stacking with those obtained with the direct average it is clear that the flux density is preserved but the noise level is greatly reduced because the stripes signal is removed.
For each frequency channel, we applied the SWT to stack both the left and right circular polarizations scans (forming the total intensity spectral cube) and to stack the Q and U Stokes parameters scans individually.
As explained in Sect. 4.1, the SWT stacking can be used to obtain a refined scan baseline removal. The refined baseline fit is particularly effective for those scans intercepting a radio source (or a RFI) located just at the edge of the map. A new SWT stacking is then performed, and the process can be iterated a few more times until the convergence is reached, see Fig. A.2 for an example. Figure A2 . Left: initial baseline removal using a linear fit to 10% data from the beginning and end of the scan. Right: refinement step where the scan baseline is represented with a 2nd order polynomial whose coefficients are found by minimizing the difference between the SWT model and the data using a least-squares fit. This paper has been typeset from a T E X/L A T E X file prepared by the author.
